U133 Plus 2.0 arrays. significantly differentially regulated genes were identified using paired t tests. Biological interpretation was performed using Ingenuity Pathway analysis and BioGPs gene expression atlas. there were 470 statistically significantly differentially expressed genes identified. they were widely distributed across the genome. XIST was significantly down-regulated (p < 0.0001); SHOX was not differentially expressed. One of the most highly represented organ systems was the hematologic/immune system, distinguishing the turner syndrome transcriptome from other aneuploidies we previously studied. Manual curation of the differentially expressed gene list identified genes of possible pathologic significance, including NFATC3, IGFBP5, and LDLR. transcriptomic differences in the amniotic fluid of turner syndrome fetuses are due to genome-wide dysregulation. the hematologic/immune system differences may play a role in early-onset autoimmune dysfunction. Other genes identified with possible pathologic significance are associated with cardiac and skeletal systems, which are known to be affected in females with turner syndrome. the discovery-driven approach described here may be useful in elucidating novel mechanisms of disease in turner syndrome.
Background
turner syndrome is a common sex chromosome aneuploidy with a high prevalence (1 in 2,500 livebirths) (Hall et al. 1982; nielsen and Wohlert 1991) . the majority of cases (98-99 %), however, result in miscarriage (Bianchi et al. 2010 ). It is not unusual for women with turner syndrome to be unaware that they have the condition until adolescence and the absence of menarche. turner syndrome is due to monosomy X in 64 % of prenatal cases and 47 % of postnatal cases (Gravholt 2004) . the remaining cases are due to a variety of X-chromosome abnormalities, including deletions and duplications, ring chromosome, or mosaic aneuploidies. there are no pathognomonic clinical features, but there are clinical characteristics and malformations that are typically found, including short stature, webbed neck, coarctation of the aorta, lymphedema and infertility. associated conditions include obesity, scoliosis, glucose intolerance, atherosclerosis, hyperlipidemia, and juvenile rheumatoid arthritis (tyler and edman 2004) . Fetal abnormalities that are detectable by prenatal sonography include increased nuchal translucency, hydrops, and cystic hygroma (Papp et al. 2006) . amniotic fluid (aF) is a routinely collected clinical material that could contribute to the understanding of the pathogenesis of turner syndrome in the fetus. typically discarded, the residual aF supernatant is an abundant source of cell-free mrna (larrabee et al. 2005) . Previous studies investigating the aF transcriptome of fetuses with trisomies 21 and 18 demonstrated widespread expression differences between affected and normal fetuses (slonim et al. 2009; Koide et al. 2011) . Prior examination of the common genes expressed in healthy euploid fetuses suggested that multiple organ systems were overrepresented in the aF transcriptome, including the musculoskeletal, hematologic, and nervous systems (Hui et al. 2012a) .
In this pilot study, we utilized global gene expression analysis to interrogate the cell-free mrna transcriptome from aF supernatants of fetuses with turner syndrome to understand pathophysiologic changes that are already present during the second trimester of gestation.
Methods subjects the Institutional review Board at tufts Medical Center approved this research. the fully anonymized specimens were obtained from Integrated Genetics/labCorp (Westborough, Ma), a ClIa-approved diagnostic laboratory. the anonymized residual aF supernatant samples (gestational ages between 15 and 17 6/7 weeks) were collected from women undergoing genetic testing for routine clinical indications. Only the karyotypes and gestational ages associated with the samples were known; the laboratory team was blinded to results of any ultrasound findings. aF supernatant was stored at −80 °C at Integrated Genetics for 2-3 months, shipped on dry ice, and again stored at −80 °C at tufts prior to processing. Once the samples arrived at tufts, rna was extracted within 1 week. the original study set consisted of seven 45,X samples and seven 46,XX samples matched for gestational age. Due to poor hybridization quality, two 45,X samples and their controls were excluded from analysis, resulting in an analytic cohort of five 45,X samples and five 46,XX samples. such sample sizes have been observed to offer moderate levels of stability and reproducibility in other microarray experiments (Pavlidis et al. 2003) .
sample preparation rna was extracted from 5 ml aF supernatant with the QIaamp Circulating nucleic acid Kit (Qiagen, valencia, Ca) according to the manufacturer's protocol under the section "Purification of circulating rna from 5 ml serum or plasma" and as described in Dietz et al. (2011) . samples were stored at −80 °C until further analysis.
cDna was synthesized from extracted rna and amplified using the Wt-Ovation Pico rna amplification system (nuGen, san Carlos, Ca) according to the manufacturer's instructions. amplified cDna was purified by adding 800 µl PB buffer (Qiagen, valencia, Ca) , vortexed, and centrifuged in QIaquick spin columns for 1 min at 14,000 g. 700 µl of 80 % ethanol was added to the spin column, centrifuged for 1 min at 14,000 g and repeated once. Columns were transferred to clean collection tubes, and 30-µl nuclease-free water was added and incubated for five minutes at room temperature. Purified cDna was eluted by centrifuging for 1 min at 14,000 g. samples were then stored at −80 °C until further processing.
cDna was fragmented and labeled using the encore Biotin Module (nuGen) according to manufacturer's instructions. Fragmented and labeled cDna was hybridized on GeneChip ® Human Genome U133 Plus 2.0 arrays (affymetrix ® , santa Clara, Ca) according to the GeneChip ® expression analysis technical Manual, with the following changes: the encore Biotin Module (nuGen) hybridization cocktail assembly was used for a standard array, and the array was placed in the hybridization oven for 18-20 h. arrays were washed and stained with streptavidin-phycoerythrin and scanned with a GeneChip ® scanner.
Data analysis the data were analyzed using GeneChip ® Microarray suite 5.0 (affymetrix ® ) and normalized as previously described (Hui et al. 2012b ). this step includes a log-transformation, improving the normality of the data. Individual differentially expressed probe sets were identified via paired t tests implemented using the Bioconductor package in R, pairing each turner syndrome sample with a control matched for gestational age. array quality was also assessed in Bioconductor using the simpleaffy package, which reported that an average of 28.7 % of the probe sets on these arrays were called "present." Probe sets were considered differentiallyexpressed if their Benjamini-Hochberg adjusted p values were below 0.015. We also compared the turner syndrome cohort differentially regulated probe set lists with previous data from our laboratory obtained from the aF from fetuses with trisomy 21 and trisomy 18. Probe sets were manually converted to genes using affymetrix ® netaffx tM (http:// www.affymetrix.com).
each differentially expressed gene in the dataset was mapped to a specific chromosome location by utilizing the Online Mendelian Inheritance in Man (OMIM) database (http://www.omim.org). the number of known genes on each chromosome was obtained from the Human Genome (Build 36.3) in the national Center for Biotechnology Information (nCBI) database (http://www.ncbi.nlm.nih. gov). the expected number of altered gene expression differences was calculated based on the number of known genes on each chromosome. a χ 2 statistical analysis utilizing the observed and the expected number of altered gene expression differences was performed to determine if the distribution of differentially expressed genes was random.
Probe sets with Benjamini-Hochberg corrected p values of <0.015 and the median fold-change expression difference for each of those genes were uploaded to the Ingenuity Pathway analysis ® (IPa) system (Content version 12710793, Ingenuity systems, redwood City, Ca, Usa, http://ingenuity.com). IPa is a software tool that uses a manually curated collection of biological interactions and functional annotations to identify significantly overrepresented signaling pathways and biological processes in a given gene set. networks of differentially regulated molecules were generated using the IPa software. a right-tailed Fisher's exact test is used by IPa to calculate a p value representing the probability that each reported network would be implicated by chance alone.
the BioGPs Gene expression atlas (http://biogps.org) is a web resource for gene and protein annotation, which includes access to tissue-specific gene expression profiles for 79 human tissues (su et al. 2004; Wu et al. 2009 ). transcripts that mapped to a single organ system in the BioGPs data set with an expression value of >30 multiples of the median (MoM), whose second-most-abundant tissue's expression was no more than a third as high, and whose median expression across all tissues was at least a value of 30 MoMs, were identified as highly organ specific. the "turner syndrome transcriptome" was defined as transcripts that were called present by affymetrix ® software in all five turner syndrome samples. the data obtained from the BioGPs analysis were utilized to identify the tissue specific transcripts in the turner syndrome transcriptome and to compare these results with similar analyses of the euploid (Hui et al. 2012a) , trisomy 21, and trisomy 18 aF transcriptomes (Hui et al. 2012b) .
Genes of interest were identified by narrowing down the entire differentially regulated IPa gene list by requiring a p value of <0.015 and a >fivefold-change expression difference. Dysregulated genes were further categorized based on organ specificity to narrow down the gene list to a reasonable number for subsequent manual curation. all genes that met these criteria and were included in the top five most common organ systems were compared with the known gene functions as described in the OMIM database and the typical clinical phenotypic features that have been reported in women with turner syndrome.
Results

Differentially expressed genes
the GeneChip ® Human Genome U133 Plus 2.0 arrays analyze expression levels of more than 38,500 wellcharacterized transcripts and UniGene clusters. (www. affymetrix.com). Comparison of turner syndrome and euploid transcriptomes revealed 807 statistically significantly differentially expressed probe sets, corresponding to 470 annotated genes. there were 272 up-regulated (Online resource 1) and 198 down-regulated genes (Online resource 2). χ 2 analysis revealed that there was no chromosome with a significantly higher concentration of differentially expressed genes than expected (Online resource 3). sixteen (3.4 %) of the 470 differentially regulated genes were on the X chromosome (table 1); most of these genes function in general cellular activities such as transcription mediation and signal transduction. the immune system was highly represented in each of the methods utilized to analyze the data. Four of the dysregulated X-chromosome genes (NKRF, ELF4, RBM3, and FRMPD4) play a role in immune system mediation. the X-inactive specific transcript gene (XIST) was downregulated and the Benjamini-Hochberg corrected p value was highly significant (p < 0.0001). the short stature homeobox (SHOX) gene was not differentially regulated (p = 0.99) in our aF samples but the raw values were highly variable (table 2).
In the comparison of differentially regulated probe sets between turner syndrome and trisomies 18 and 21, no genes were common to all three aneuploidies. three genes were differentially expressed in both turner syndrome and trisomy 21 (ZNF2, SLC48A1, NOVA2). One gene was differentially expressed in both turner syndrome and trisomy 18 (SLC35G1).
Organ-specific differentially expressed genes
We identified 57 genes in the "turner syndrome transcriptome" that are expressed in a specific tissue or organ system (Online resource 4). the most highly represented systems were the hematologic/immune (24 genes) and neurologic (19 genes). the respiratory/tongue/skin systems had a relatively low percentage (7 %) of tissue-specific genes, but this is due to increased representation of the other organ systems in turner syndrome. In the raw data, the turner syndrome aF samples had similar numbers of tissue-specific respiratory/tongue/skin genes as euploid (4 and 6, respectively). In addition, a comparison between turner syndrome and euploid, and trisomy 21 and trisomy 18 transcriptomes revealed an increased percentage of differentially expressed genes in the hematologic/immune system (42.1 %) compared with the other three transcriptomes (17.4-29.5 %) (table 3). the neurologic system was also more highly represented in the turner syndrome (33.3 %) and euploid (30.4 %) datasets compared with the trisomy 21 (19.7 %) and trisomy 18 (16.7 %) datasets.
Pathways enriched for differentially expressed genes
Using IPa, the most enriched biological functions in the aF of turner syndrome fetuses were identified. results were divided by IPa into 77 different categories that had considerable overlap (Online resource 5). We therefore condensed the categories into general organ systems and functionality. the top 13 general organ systems and functionality with p values <0.01 are shown in table 4. Cellular functions, such as cell growth, cell morphology, cell cycle, and cell death, had the most significant p value ranges as well as the highest number of genes. the highly statistically significant hematologic/immune category included functions such as antigen 
Discussion
In this pilot study we present an analysis of the cellfree rna transcripts in the aF of fetuses with turner syndrome. Comparison of turner syndrome and euploid gene expression profiles identified several novel genes that have not been previously known to be associated with this condition. this discovery-driven analysis allowed for an unbiased, genome-wide examination of fetal development, which may be helpful in elucidating mechanisms of disease in turner syndrome. Comparison between the differentially expressed genes in the aF from fetuses with turner syndrome and trisomies 21 and 18 revealed only a few common genes, suggesting a unique specific molecular phenotype for turner syndrome. the XIST gene is involved in the X-inactivation process and is expressed universally in all cells, thus it is the only true positive control. Decreased XIST expression in turner syndrome samples was expected and was demonstrated, further corroborating the aF rna gene expression technique. the SHOX gene, which is also on the X chromosome, was not significantly differentially expressed in our study set. It was measured by a single probe set on the microarray and was called "present" in both some of the turner syndrome and the euploid samples. there are multiple potential explanations for the lack of statistical significance. Decreased expression of SHOX has historically been thought to be one cause of the short stature present in women with turner syndrome (Hintz 2002). During fetal life, shorter fetal long bones have been described as early as the second trimester in turner syndrome (Fitzsimmons et al. 1994) . It is possible that genes other than SHOX are involved in fetal bone growth. also, differential expression of SHOX might not be reflected in aF rna because osteogenic tissue may not contribute to nucleic acids found in aF, causing low expression levels. another explanation is that the SHOX gene coverage on the U133 Plus 2.0 array is insufficient as there is only one probe set for the SHOX gene and there may have been non-specific hybridization in the turner syndrome samples.
Genes that were differentially expressed in aF of fetuses with turner syndrome were distributed uniformly across the genome. In the past, a gene dosage effect was hypothesized to explain aneuploid phenotypes. However, as seen in our previous studies of aF of fetuses with trisomies 18 and 21, the changes in gene expression in this study occurred across all the chromosomes and were not confined to the aneuploid chromosome (slonim et al. 2009; Koide et al. 2011) . these combined results suggest genome-wide, rather than chromosome-specific dysregulation.
Our data also revealed that the hematologic/immune system is significantly dysregulated during fetal development. since the fetus is a "foreign object" from the perspective of the maternal immune system, maternal-fetal immune tolerance is required to prevent immune rejection (Gobert and lafaille 2012) . However, the over-expression of immune system transcripts in the turner syndrome transcriptome, compared with the euploid, trisomies 21 and 18 transcriptomes, may be an early indication of autoimmune dysregulation that could be related to the later onset of autoimmune disease seen in women with turner syndrome (Jørgensen et al. 2010; Bakalov et al. 2012) . Our results suggest that prevention of autoimmune disease might be a potential target for in utero therapy of affected fetuses. We have previously utilized the Connectivity Map (http://www.broadin stitute.org/cmap/) to identify drugs approved by the Food and Drug administration that reverse the abnormal transcriptomic effects observed in the aF of Down syndrome fetuses (slonim et al. 2009 ). such an approach could also be used in turner syndrome.
another phenotypic characteristic of turner syndrome is aortic coarctation and hypertension. Our manual curation of up-regulated genes identified NFATC3, which has been associated with perivascular tissue remodeling (Horsley and Pavlath 2002) . NFATC3 is activated due to intermittent hypoxia, which causes vascular remodeling by increasing arterial wall thickness (de Frutos et al. 2010; Bierer et al. 2011) . the pathophysiology of coarctation of the aorta has been theorized to be due to vascular endothelial dysfunction (Kenny et al. 2011) . Individuals with coarctation of the aorta are also at risk for hypertension, regardless of whether or not the coarctation is repaired (Clarkson et al. 1983) . these data suggest that NFATC3 dysregulation could play a role in the increased risk of coarctation and hypertension found in women with turner syndrome. the low-density lipoprotein receptor (LDLR) was also found to be up-regulated in aF from affected fetuses. a prior study revealed that women with turner syndrome had significantly higher lDl levels than controls (van et al. 2006) . the cause of hyperlipidemia in individuals with turner syndrome is not currently known, but the increased expression of LDLR may provide a clue to the dysregulation. Hyperlipidemia and atherosclerosis are well known to be associated with turner syndrome (ross et al. 1995; elsheikh et al. 2002; Bondy 2007; Giordano et al. 2011; Gravholt et al. 1998) . the risk of hypertension is increased threefold in individuals with turner syndrome (Gravholt et al. 1998) . Further work needs to be done to investigate the link between LDLR expression and turner syndrome. the common association between short stature and women with turner syndrome and the over-expression of IGFBP5 in the turner syndrome transcriptome imply that an impaired osteoblast/osteoclast relationship could play a role in the pathophysiology of this condition. Over-expression of IGFBP5 increases osteoclast formation, associated with increased absorption (Kanatani et al. 2000) , impairs osteoblast function (Devlin et al. 2002) , and increases cellular senescence (Kim et al. 2007; Kojima et al. 2012) . transgenic mice that overexpress IGFBP5 have inhibition of growth, increased neonatal mortality, and reduced female fertility (salih et al. 2004) . these data suggest that IGFBP5 is an interesting gene to further explore in relation to the turner syndrome phenotype.
Conclusions
Unlike other aneuploidies, such as trisomies 13 or 18, life expectancy and intelligence are generally normal in individuals with turner syndrome. this makes it an important aneuploidy to study, because awareness and treatment of gene expression abnormalities could potentially reduce some of the morbidities associated with this condition. Here, we utilized a discovery-driven approach that identified several differentially expressed genes and pathways that could contribute to the pathophysiology of turner syndrome, even as early as the second trimester. Further investigation of these genes and pathways may lead to novel approaches to antenatal and postnatal treatment for fetuses and individuals diagnosed with turner syndrome.
